The performance aspects of a wireless 'active' sensor, including the reliability of the wireless communication channel for real-time data delivery and its application to feedback structural control, are explored in this study. First, the control of magnetorheological (MR) dampers using wireless sensors is examined. Second, the application of the MR-damper to actively control a half-scale three-storey steel building excited at its base by shaking table is studied using a wireless control system assembled from wireless active sensors. With an MR damper installed on each floor (three dampers total), structural responses during seismic excitation are measured by the system's wireless active sensors and wirelessly communicated to each other; upon receipt of response data, the wireless sensor interfaced to each MR damper calculates a desired control action using an LQG controller implemented in the wireless sensor's computational core. In this system, the wireless active sensor is responsible for the reception of response data, determination of optimal control forces, and the issuing of command signals to the MR damper. Various control solutions are formulated in this study and embedded in the wireless control system including centralized and decentralized control algorithms.
INTRODUCTION
For the installation of semi-active control devices (magnetorheological (MR) dampers) in structures, extensive lengths of wires are often needed to connect sensors (to provide real-time state feedback) with a controller where control forces are calculated. In contrast to this classical approach, wireless sensors can be considered for controlling structures. In order to reduce the monetary and time expenses associated with the installation of wire-based systems, the emergence of new embedded system and wireless communication technologies have been adopted in academia and industry for wireless monitoring. The use of wireless communications within a structural health monitoring (SHM) data acquisition system was illustrated by Straser and Kiremidjian [1] . More recently, Lynch et al. have extended upon this work by embedding damage identification algorithms into the wireless sensors [2] and have proven the reliability of the system in harsh field conditions [3] [4] [5] . While the advantages of using wireless sensors for SHM have been verified in the structural monitoring area, many challenges must still be explored in greater detail before they can be adopted for structural control.
To dissipate hysteretic energy and to indirectly apply control forces to a civil structure, semiactive control devices, like MR dampers, have been developed and applied to various structures in recent years [6] [7] [8] [9] [10] [11] [12] . The voltage-dependent nonlinear hysteretic behaviour allows MR dampers to be very flexible in resisting different levels of external force. A number of control studies have thoroughly investigated and modelled the command-force relationships for MR dampers [6] . Several analytical and experimental studies focusing upon the seismic protection of structures using MR dampers have also been published [13, 14] . An inclusive goal of this study is to further validate the effectiveness of MR dampers in the application of structural control. A prototype wireless structural sensing and control system has been previously proposed [15] for structural response mitigation. The software written to operate the wireless sensors under the real-time requirements of the control problem is presented in detail herein. The promising performance of wireless communication and embedded computing technology within a real-time feedback structural control system is offered.
This paper presents the experimental verification of using both fully centralized control and fully decentralized control strategies within a structural control system assembled from semiactive control devices (MR dampers) and a wireless sensor network consisting of wireless sensors capable of actuation. An almost full-scale three-storey steel building with MR dampers installed upon each floor of the structure is tested by applying base motion using a six degree-of-freedom (DOF) shaking table. Structural responses are measured during seismic excitation by the wireless sensors and wirelessly communicated to wireless sensors interfaced to the system's MR damper. Embedded within each wireless sensor's computational core is linear quadratic Gaussian (LQG) control solution. Specifically, the following two major research directions are emphasized in this study:
1. The theoretical basis for fully centralized and fully decentralized control algorithms is offered for implementation within a wireless structural control system. 2. Experimental verification of wireless communications for real-time structural control is made and comparison of the control performance of the wireless control system is compared to that of a traditional tethered control system.
FORMULATION OF THE CONTROL PROBLEM
The equation of motion for a building control system can be expressed as the state-space formulation. If a large-scale simulation of the structure is conducted using the finite element formulation, there would be many DOFs of the structure. However, to simplify the analysis of the system, a reduced-order dynamic model of the system is pursued. In this study, the reduced-order model is derived based upon a lumped mass system with lateral DOFs. The discrete-time representation of the reduced-order state-space equations can be represented as
where In general, measurements such as displacement, velocity, and acceleration responses, can be chosen arbitrarily as the system output. In this particular study, the reduced-order model is a three DOF lump mass shear structure model; two different control algorithms (centralized and decentralized) will be derived using the model and absolute acceleration measurements as feedback.
Fully centralized control of structural system
For fully centralized control, the entire structural system and all system outputs are available for the calculation of optimal control forces. Every control force is calculated as a function of the full state vector, z d . Since the full-state cannot be practically acquired in current structural control systems, the Kalman estimator is used to transform the measured output vector of the system into an estimated state vector. The estimated state response is then used by the control system to calculate the control forces based upon a linear gain matrix, G. Such an approach to feedback control is termed LQG regulation and based upon H 2 control theory [16] . The linear gain matrix is found by minimizing a global objective function defined as
where Q and R are positive definite matrices that achieve a relative weighting between the system response and the control effort needed to attain the response, respectively. Minimization of the J function when constrained by the equation of motion of the system, the following Ricatti equation is derived:
The Ricatti equation is used to calculate the Ricatti matrix, P, which is an integral component of the determination of the control force at the kth time step
where G is the control gain (it should be noted that the gain matrix, G, will have dimension 3 × 6 in this case study). As is evident from Equation (4), the control force is calculated from the full-state vector. Considering the limited number of sensors in the structure that constitute the system output, y d , a Kalman estimator is adopted to estimate the full-state response,ẑ d , based upon the system output
Here, L is the solution of the Ricatti equation corresponding to the Kalman estimator formulation [17] . The control force can then be replaced by the following form:
whereÂ cs is the modified system matrix in relation to control and L ms is the Kalman estimator in relation to the system measurements. As seen in Equation (6), the control force is generated using the full-state response vector. Since each actuator (which corresponds to each row of the gain matrix) requires the full-state response to determine its control action, this control approach assumes a fully centralized control architecture.
Fully decentralized control of structural system
Fully decentralized control emphasizes control of the local sub-system only using the sub-system's actuators and sensor measurements. It is to mitigate the response of the structure using limited information (partial state information) and independent controllers corresponding to sub-systems of the global structure. The control force generated by a sub-system controller would inherently be independent from those of the other sub-systems. A main advantage of decentralized control architectures is that sub-system controllers are independent; the malfunction of an individual controller will not cause the failure of whole control system. In exchange for the reliability offered by decentralized control methods is that their control performance is below that of their centralized counterparts. Within the structural control community, a number of researchers have explored decentralized approaches to the complex control problem [11, 12] . To formulate a decentralized control solution, the discrete-time state-space equation is rewritten as
Here, R is a scalar weighting term and may be different for each actuator depending upon the objectives of the specific actuator. The number of objective functions is the same as the number of sub-systems defined in the global structure. Consider a three-storey structure where each floor is considered a sub-system within the control system. If an actuator and sensor (measuring acceleration) are collocated upon each floor of the structure, each floor can be considered its own sub-system. Provided three sub-systems, the global state-space equation and the measurement output equations corresponding to each sub-system (i.e. floor) can be written as follows:
Here, the matrix (C d,1 ) 1×6 corresponds to the first row (with dimensions 1 × 6) of the discrete-time matrix C d of Equation (4); the other matrix notations follow the same convention. The objective function, J i , for the ith floor can be written for all three floors as
Each objective function will derive an optimal gain matrix that corresponds to the objectives of the sub-system actuator. The Ricatti equation derived from the ith sub-system objective function can be presented as
Based upon the solution of the Ricatti equation, the control gain of the sub-system can be described as
If control force of Equation (12) is substituted into Equation (13), the estimator can be rewritten as
here subscript i indicates the full state estimated by the ith sub-system Kalman estimator. The estimated full state is then used to determine the optimal control force to be applied by the sub-system actuator
3. THE EXPERIMENTAL SET-UP
Test structure
A three-storey half-scale steel structure is designed and constructed at the National Center for Research on Earthquake Engineering (NCREE) in Taipei, Taiwan. As shown in Figure 1 , the three-storey structure consists of a single bay with a 3 m × 2 m floor area and 3 m tall stories. The structure is constructed using H150 × 150 × 7 × 10 steel I-beam elements with each beamcolumn joint designed as a bolted connection. Concrete blocks are added and fastened to the floor diaphragms until the total mass of each floor is precisely 6000 kg. The entire structure is constructed upon a large-scale NCREE shaking table capable of applying base motion in six independent DOFs. The structural behaviour is modelled using a lumped mass shear structure reduced-order structural model defined by three DOFs (i.e. the lateral displacement of each floor). Based on the response of the bare frame, the damping and stiffness matrices of a reduced-order model were identified using system identification techniques. The identified natural frequencies corresponding to the first three modes of the structure are 1.08, 3.25, and 5.06 Hz, respectively. Furthermore, the damping ratios of the first, second, and third modes are 1.6, 1.7, and 2.7%, respectively. The identified natural frequencies are consistent with the mathematical model.
The MR damper
The magnetic field that controls the viscosity of the MR fluid is generated by the application of an electrical current to the coil surrounding the damper chamber. Therefore, higher damping coefficients can be attained by the MR damper simply by increasing the coil current. To render the MR damper compatible with a feedback control system, a VCCS (voltage current converter) unit will be needed to translate voltage command signals to the electrical current applied to the MR damper coil. In this study, the effects of temperature of the MR damper are not considered and the voltage-current conversion is assumed linearly proportional. Three 20 kN MR dampers designed for the purposes of controlling the dynamic response of the test structure are constructed. MR dampers are inherently nonlinear devices that must be properly modelled prior to their use within a control system. Prior study of the MR dampers constructed reveals the suitability of using a modified Bouc-Wen model to express their force-velocity functions [18] . The total restoring force of the Bouc-Wen damper model is expressed as
and
where C is a voltage-dependent parameter and z(t) is the damper's restoring force. The vector, , consists of combinations of the damper response variables and is updated at each time step. Based on experimental data of the 20 kN MR-damper from several random displacement and random voltage tests, the voltage-dependent parameter vector
has been identified by a regression analysis of the random displacement and random voltage test data; the voltagedependent model parameters are shown in Table I for each of the three MR dampers used in this study. Each table tabulates the model parameters for seven levels of command voltages ranging from 0 to 1.2 V. The accuracy and robustness of the identified Bouc-Wen model parameters were verified. Figure 2 shows the comparison between the measured and the simulation data corresponding to the force versus displacement relationship and the force versus velocity relationship of MR-damper based on the random displacement and random voltage validation test. The proposed model can predict the damper behaviour quite well, even for the case of a random voltage input.
WiSSCon system design
WiSSCon (wireless structural sensing and control system) is an academic prototype system designed for real-time wireless structural sensing and feedback control [3, 15] . Within the WiSSCon system, wireless communication is used to broadcast data from wireless sensors collecting structural response measurements to wireless sensors serving as controllers (i.e. wireless sensors interfaced to the MR-damper VCCS unit). The wireless sensor prototype selected as the building block of the WiSSCon system is designed to: collect measurement data from sensors interfaced; command actuators using analog voltage signals; store and process measurement data; and wirelessly communicate data to other wireless sensors. The hardware design of the wireless sensor is presented in Figure 3 (a) with individual hardware components specified. With respect to the WiSSCon system, the actuation interface and the computational core of the wireless sensor design are most important. The actuation interface consists of a dual-channel 16-bit digital-to-analog converter (DAC) and support electronics offering analog output voltage signals that can span from −5 to 5 V. The computational core of the wireless sensor is designed around the low-power 8-bit Atmel ATmega128 microcontroller and it is responsible for the calculation of optimal control forces and determination of the appropriate MR damper voltage signal based upon the parametric BoucWen damper model. The wireless sensor is capable of performing three operational tasks. First, the wireless sensor can collect response data from sensors (e.g. accelerometers) interfaced using its four-channel 16-bit analog-to-digital converter (ADC). Upon measurement of the structural response, the wireless sensor is responsible for broadcasting its data when a centralized control architecture is adopted. Second, the wireless sensors can determine the control force based upon the LQG control solution embedded in its computational core. Once a desired control force has been identified, the modified Bouc-Wen model of the MR damper is used to determine the damper voltage corresponding to the desired control force. Finally, the necessary voltage level is issued to the MR damper by the wireless sensor's actuation interface. Regardless of the task assigned to each wireless sensor in the WiSSCon system, all of the tasks must be completed within the allotted time step to ensure the system operates in real time. In addition to wireless sensors installed in the test structure, a data server (e.g. laptop computer) with a 2.4 GHz MaxStream 24XStream wireless transceiver interfaced is employed to commence operation of the WiSSCon system and to serve as a data logger that logs the response data broadcast by the wireless sensors at each time step. Two pieces of software are written to automate the operational tasks of the WiSSCon system. First, software that automates the wireless sensors is written and embedded in their computational cores; this software is referred to as the embedded code. An additional software package is written for the data server and is termed the server code. To illustrate the operation of the WiSSCon system and the inter-dependencies of the server and embedded codes, the flow of the system's software tasks is presented in Figure 4 (a). The program flow can be broadly summarized in the following five steps:
Step 1: Initialized the WiSSCon system before operation. When the wireless sensors are turned on they are programmed to initialize their hardware and to wait for a command from the data server. Similarly, the server code is manually initiated on the data logger. The boot up procedure of the server code consists of reading the set-up file of the WiSSCon system where information on the system (e.g. number of sensors, number of actuators, sample rate) is stored.
Step 2: With the data server and wireless sensors initialized, the server confirms the availability of the wireless sensors by querying them to communicate their status. Once the server can establish that all of the wireless sensors are operational, it resets its counter to zero. Figure 4 (b) provides an overview of the sequence of communication between the server and the wireless sensors.
Step 3: The control system starts operation by having the data server broadcast a beacon signal. Upon receipt of the beacon signal, each wireless sensor is aware of the new time step and begins 
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Structural Actuators that Accepts -5V ~ 5V Command Signal SPI Port Figure 3 . Architecture of wireless control unit: (a) hardware architectural design and (b) picture of wireless sensor prototype prior to installation in the test structure [15] .
its autonomous operation (i.e. collect data, communication data, calculate control forces, and issue commands to the MR dampers). Each wireless sensor is provided a time window during which it can broadcast its response data. The units communicate in sequential order with the first floor's wireless sensor communicating first, the second floor wireless sensor communicating second, and the third floor wireless sensor communicating last. After the response data of the structure has been broadcast by all of the wireless sensors, the wireless sensors that receive the data include it in their LQG control algorithm for determination of the control action. In this system, time is maintained by the data server. As such, the data server issues the beacon signal at a fixed sample rate to designate the beginning of a time step.
Step 3 is repeated continuously for a fixed amount of time the user specifies at the data server.
Step 4: After the time duration specified by the system end-user is complete, the data server queries each wireless sensor to send data the sensor locally logged during its operation. Data such 1315 in a centralized fashion and data are to be broadcast from each floor of the structure, a total of 60 ms is needed at each time step. Calculating the control force may take a wireless sensor an additional 35 ms. As a result, a total of 95 ms is required to reliably complete one time step in the centralized control architecture. Therefore, when the WiSSCon system is configured to operate in a centralized manner, the sample rate of 10 Hz is selected. A more detailed timing diagram for the centralized control architecture is provided in Figure 4(b) . If the system is configured to operate as a fully decentralized control system, there is no need for communication between wireless sensors. With computations being the only limiting factor, the sample rate of the decentralized WiSSCon system is 50 Hz.
Control system set-up
The WiSSCon control system consists of many elements including sensors (velocity meters to measure damper shaft velocities and accelerometers to measure floor accelerations), MR dampers, VCCS (voltage converts to current system), and the wireless sensors. Figure 5 describes the typical configuration of the system on one of the floors of the test structure. As can be seen, the MR damper is installed in a V-brace configuration providing damping forces upon the ith and (i + 1)th floors. A wireless sensor node is installed upon each floor with three sensors interfaced. First, two velocity meters (Tokyo Sokushin VSE-15-AM servo velocity meter) measuring absolute velocity are connected to provide the sensor with a measure of the shaft velocity of the damper. This parameter is needed by the wireless sensor to update the damper restoring force using the modified Bouc-Wen model. Second, an accelerometer (Crossbow CXL01) is mounted to each floor to measure the lateral structural response to ground motion. This acceleration measurement is wirelessly communicated to the other wireless sensors when the control system implements a centralized control architecture. However, if a decentralized control architecture is employed, each floor is modelled as an independent sub-system with no communication occurring between wireless sensors.
At each time step, each wireless sensor measures its floor acceleration and the shaft velocity of the MR damper. If the WiSSCon system is operating in a centralized fashion, the wireless sensor sends its own acceleration and receives the acceleration of other floors. The acceleration response of the structure is then used by each wireless sensor to estimate the full-state response of the structure using the embedded Kalman estimator (Equation (8) for the centralized system and Equation (16) for the decentralized system). The desired control force to be applied by the MR damper is determined using the estimated state response (Equation (6) for the centralized system and Equation (14) for the decentralized system). Once the control force is calculated, each wireless sensor uses the modified Bouc-Wen model to determine the appropriate voltage to apply to the VCCS unit. Given the complexity of the Bouc-Wen model, the attainable control force the damper can generate is calculated at each time step for each of the seven voltage levels (0-1.2 V). The optimal control force determined by the LQG solution is then compared to this list of attainable control forces; the wireless sensor selects the voltage level offering the control force closest to that desired by the LQG controller. To ensure that the Bouc-Wen model is updated for the next time step, the wireless sensor updates the restoring force of the model using Equation (15) . 
DISCUSSIONS OF THE EXPERIMENTAL RESULTS
From the shaking table test of the three-storey steel frame with the installation of an MR-damper on each floor, the control effectiveness of the wireless control system is examined. To provide a benchmark for comparison purposes, a wired control system using a wired data acquisition permanently installed in the NCREE shaking table facility is implemented. An identical LQG control solution is implemented in the wired control system with the gain of the LQG controller and Kalman estimator adjusted to account for the wired system's sample rate of 200 Hz. Figure 6 shows a photo of the test structure on shaking table. The stiffness of the MR damper V-brace is designed to be significantly larger than the stiffness of each floor; this ensures little deformation occurs in the steel bracing. In this control experiment, three different control systems will be implemented: (1) NCREE data acquisition system (Pacific Series 5500 Digital Conditioning System with a sample rate of 200 Hz); (2) WiSSCon centralized control system (with a sample rate of 10 Hz); and (3) WiSSCon decentralized control system (with a sample rate of 50 Hz). A summary description of each of the three control systems is provided:
a. NCREE laboratory control system: A real-time control system is assembled by combining the NCREE digital acquisition system with a DSpace input/output interface board. A Simulink model is constructed to determine MR damper voltage commands (issued by the DSpace I/O board) using response measurements of the structure collected by the data acquisition system. The sampling rate for this control experiment (either centralized or decentralized control) is 200 Hz and the LQG control algorithm will be used. The result from this control system will be used for comparison with the wireless control system (centralized and decentralized). b. Centralized wireless control with a sampling rate of 10 Hz: In the centralized architectural configuration of the WiSSCon system, the wireless sensors on each floor will measure their respective acceleration and broadcast that measurement to the other wireless sensors situated on different floors. If a high sample rate is chosen, then there is a chance data could be lost due to dropped packets or packet collisions in the wireless channel. To ensure data loss kept below 2%, a sample rate of 10 Hz is used [15] . c. Decentralized wireless control with a sample rate of 50 Hz: In the decentralized control system, each wireless sensor only receives measurement data from the sensors on its own floor. Since there is no need to wait for the wireless transmission of data, the sample rate can be higher; a rate of 50 Hz is employed.
Validation of the WiSSCon system
In order to verify the measurement accuracy of the wireless control system (centralized and decentralized) and the validity of the embedded algorithms (specifically, the modified Bouc-Wen damper model), the wireless control system time histories will be compared to that redundantly recorded by the NCREE tethered data acquisition system. The El Centro (1940, NS) ground motion record scaled to a peak acceleration of 200 gal is adopted during this study. Although the table has six DOFs, the ground motion is only applied in one lateral direction.
a. First, the command voltage issued by the wireless sensors and that measured by the laboratory data acquisition system shows one-to-one agreement. As presented in Figure 7 , the command voltage calculated by the wireless sensor and applied to an MR damper during the El Centro earthquake record is identical to that measured by the tethered data acquisition system. b. Next, the acceleration response of the structure as measured by each wireless sensor is compared to the same acceleration response time-history wirelessly received by the other wireless sensors during an excitation. This comparison is intended to identify any issues associated with the communication of data in the wireless control system. As shown in Figure 8 , the acceleration time histories are wirelessly received without error and data loss during excitation. c. The accuracy of the LQG control solution embedded in the wireless sensor computational core is validated by comparing the voltage output from the wireless sensor to that theoretically calculated off-line using the response data recorded by the wireless sensor. This is done for both the centralized and decentralized WiSSCon architectures. As shown in Figure 9 , there is good agreement between the command voltage generated by the off-line numerical simulation and the experimentally obtained command voltage signal. d. Similarly, the accuracy of the modified Bouc-Wen model in converting the LQG control force into a command voltage to be applied to the MR damper is verified. Figures 10(a) and (c) show the damper's shaft velocity and the voltage signal generated by the wireless sensor's Bouc-Wen model during the application of the El Centro ground motion record. As can be seen in Figure 10 (b), the damper force measured by the laboratory data acquisition system from a load cell installed on the first floor MR damper (dash line) is in strong agreement with the LQG control force calculated by the wireless sensor (solid line). 
Validation of wireless control effectiveness
An evaluation of MR-damper performance during experimentation is important in assessing the effectiveness of the control system. During the application of the centralized control system to the test structure, the hysteretic behaviour of each MR damper is examined. First, the centralized WiSSCon system is used to control the test structure; during a second round of testing, the NCREE control system is used implementing the same Bouc-Wen and LQG algorithms at 10 Hz. Alternatively, the wired NCREE control system is also operated at 200 Hz to see if the higher sample rate impacts the hysteretic properties of the damper.
To verify the ability of the wireless control system to mitigate the dynamic response of the test structure, response time histories (acceleration and displacement) of the test structure are compared between those obtained using the wireless and wired control systems. Comparison on the floor acceleration and displacement using the wired control system (200 Hz) and the wireless control system (10 Hz) for a centralized control architecture is presented in Figure 11 (a), and comparison on the floor acceleration and displacement using wireless control system between the case of centralized control (10 Hz) and the decentralized control (50 Hz) is shown in Figure 11 (b). The Q, R and G matrices for control study is shown in Table II . The strong agreement in the mitigated time histories reveals the effectiveness of the WiSSCon system in controlling the test structure; in general, the performance of the wireless control system is on par with that of the tethered laboratory control system.
A comparison between the closed-loop feedback control and passive mitigation methods is also made. For cases of passive-on (constant 1.2 V supplied to the MR-damper to attain the maximum damping coefficient), passive-off (constant 0 V supplied to the MR-damper to attain the minimum damping coefficient), wireless 10 Hz centralized control, wireless 50 Hz decentralized control, wired 200 Hz centralized control and wired 200 Hz decentralized control, peak structural responses are recorded and compared. The results of the comparative study are presented in Figure 12 . It is concluded that both centralized and decentralized controls using the wireless sensing system can reach almost the same control effectiveness as the wired control system. Furthermore, the closedloop feedback control results generally outperform those of the passive-on and passive-off cases.
CONCLUSIONS
This study examines the potential use of wireless communication and embedded computing technologies within real-time structural control applications. Based on the implementation of the prototype WiSSCon system in a three-storey steel test structure, both the centralized and decentralized control architectures are implemented to mitigate the lateral response of the test structure using MR dampers. During the test, a large earthquake time history is applied (El Centro (1940 NS) scaled to a peak acceleration of 200 gal) at the structure base using a shaking table. Three major performance attributes of the wireless control system were examined: (1) validation of the reliability of wireless communications for real-time applications; (2) validation of a modified Bouc-Wen damper model embedded in the wireless sensors to operate the MR dampers; and (3) exploration between the control effectiveness when using WiSSCon in a centralized and decentralized architectural configuration. The following conclusions have been drawn:
1. In this study, the WiSSCon system for structural control has been demonstrated. The performance of this novel control technology has been shown to be nearly comparable to that of
